Abstract: Anticipated future temperature changes in the mountainous U.S. Pacific Northwest will cause reduced spring snow pack, earlier melt, earlier spring peak flow and lower summer flow in transient rain-snow and snowmelt dominant river basins. In the context of managed flood control, these systematic changes are likely to disrupt the balance between flood control and reservoir refill in existing reservoir systems. To adapt to these hydrologic changes, refill timing and evacuation requirements for flood control need to be modified. This work poses a significant systems engineering problem, especially for large, multiobjective water systems. An existing optimization/ simulation procedure is refined for rebalancing flood control and refill objectives for the Columbia River Basin for anticipated global warming. To calibrate the optimization model for the 20th century flow, the objective function is tuned to reproduce the current reliability of reservoir refill, while providing comparable levels of flood control to those produced by current flood control practices. After the optimization model is calibrated using the 20th century flow the same objective function is used to develop flood control curves for a global warming scenario which assumes an approximately 2°C increase in air temperature. Robust decreases in system storage deficits are simulated for the climate change scenario when optimized flood rule curves replace the current flood control curves, without increasing monthly flood risks.
Introduction
Air temperature has an important influence on the water cycle in the Western United States where snow is a major component of the hydrologic cycle ͑Serreze et al. 1999͒. Because snow accumulation and melt are sensitive to temperature, an increase in temperature in snowmelt dominant and mixed rain and snow watersheds results in reduced spring snowpack, earlier melt, increased streamflow in winter, earlier peak flows, and reduced summer flows ͑Gleick and Chalecki 1999; Hamlet and Lettenmaier 1999; Knowles and Cayan 2002; Lettenmaier and Gan 1990͒ . These hydrologic features are observable in Western North America, effectively delaying delivery of water to the river in the cool season, when most of the hydrologically significant precipitation occurs, to the relatively dry summers when water is frequently most needed for water supply, instream flow, and other Christensen et al. 2004; Gleick 2000; Hamlet and Lettenmaier 1999; Knowles and Cayan 2002͒ . These projected hydrologic impacts of global warming also affect the efficiency of water resources systems to the extent that using the existing system operation policies frequently degrades the system performance for the considered future climate change runs ͑Christensen et al. Payne et al. 2004; VanRheenen et al. 2004͒ .
Can we develop clearly defined system-wide reservoir management strategies to adapt to such changes? To explore this question, this paper examines the potential to improve dam operations for flood control and reservoir refill in response to changing climate by including the effects of systematic warming in the design of flood control rule curves. The Columbia River basin in the Pacific Northwest is used as a case study, but the optimizationsimulation approaches developed here would have broad application to water resources systems worldwide for which tradeoffs between flood control and reservoir refill are present.
Flood control operations, which are an important element of many multiobjective water resource systems, must ultimately create a balance between flood risk and other system objectives such as water supply or hydropower production. Water resources operating policies that attempt to preserve this balance are usually predicated on assumptions of stationary climate conditions derived from historic streamflow records. The fundamental design aspects of many of the flood control operating rules in the U.S. date to the time of dam construction, and are based on climate conditions that were probably systematically colder than current conditions. Flood control operations in the Columbia River basin are a case in point, and the foundation of the current flood control plan dates from the mid 1970s when the last of the large storage projects was completed. Although flood control evacuation schedules at specific reservoirs in the system have been changed on several occasions ͓U.S. Army Corps of Engineers ͑COE͒ 1991a, 2006͔, none of these changes has been related to changes in climate or flow regime. Fig. 1 shows a schematic diagram of operational changes associated with streamflow timing shifts for a hypothetical storage dam located on the west slope of the Cascade Mountains. Without adjustment of refill schedules, the hypothetical reservoir does not refill for the altered streamflow timing simulated for a warming scenario. By moving the refill schedule one month earlier, however, the hypothetical reservoir successfully refills ͑albeit earlier͒ for the altered flow regime. This illustration shows the importance of maintaining an appropriate balance between the flood evacuation schedule and refill in the context of adapting to streamflow timing shifts associated with warming.
In the case of simple, single-reservoir systems, adjustments in flood rule curves could probably be made by hand calculations in a straight-forward manner using climate change streamflow scenarios and conventional analytical approaches. In complex flood control systems that use multiple reservoirs to meet both localand system-wide flood objectives ͑e.g., the Columbia River Basin͒, this adjustment process presents a much more challenging systems engineering problem. Changes in snowpack and streamflow timing, for example, will not be equally distributed throughout the basin ͑e.g., Hamlet and Lettenmaier 1999; Mote et al. 2003͒ , and adjustments in flood evacuation and refill schedules at different dams will not be uniform. Furthermore all of the projectspecific adjustments, when combined, must result in effective flood control at a number of local and system-wide control points. Therefore, there is a need to develop an objective and welldefined procedure to maintain or improve the current level of system performance for climate change scenarios for complex flood control systems.
Methods based on integrated optimization-simulation procedures are recognized as useful analytical tools to identify improved operational strategies, and to develop and refine alternative operating rules for water resource systems. For example, implicit stochastic optimization ͑ISO͒ procedures were used to develop operating rules for the Missouri River Basin ͑Lund and Ferreira 1996͒ and Alamo Lake, Arizona ͓U.S. Army Corps of Engineers ͑COE͒ 1999͔. In the full ISO procedure, penalties are associated with failure to meet all objectives including flood control, hydropower, instream flow, recreation, navigation, and water supply. Optimal solutions are obtained by minimizing composite penalty functions, with the chosen weighting between competing objectives affecting the optimal solution.
The ISO procedure has not been applied widely in water resources management, in part because of difficulties in both constructing composite penalty functions that are consistent with current operating policies and in inferring new operating rules from the resulting optimization runs. To overcome these difficulties, the ISO procedure is simplified in this study by restricting the number of objectives to two: flood control and reservoir refill. The penalties are adjusted until simulation results using optimized rule curves produce a comparable balance between these two fundamental objectives in comparison with the current operating rule curves ͑discussed below͒. The resulting penalty function construction is simpler and more easily interpreted in comparison to the full ISO procedure.
Another problem in implementing the ISO procedures is that the inferred operating rules from optimization runs may not follow the operating rule format used by system operators. For example, under current operating policy in the Columbia River Basin, system operators determine flood evacuation requirements for storage dams based on forecast inflow volume at system control points ͑e.g., inflow to a reservoir for April-August͒. In previous studies, rather than keying to a seasonal forecast volume, optimal operating rules were inferred from the relationship between reservoir storage and release. In this study, optimal flood control curves are constructed explicitly from seasonal inflow volume and use a format similar to that used in the current flood control operating policies. As a result, the derived optimal rules can be applied more directly in simulation tests ͑and in actual operations͒ in the familiar format used for the current reservoir operations.
In this paper the simplified optimization-simulation method discussed above is used in a test case to restore the balance between flood control and reservoir refill in the complex, multiobjective Columbia River system in response to streamflow timing shifts associated with a simple global warming scenario. Monthly time step optimization and simulation models are used because Payne et al. ͑2004͒ demonstrated that in the Columbia Basin, which typically floods due to sustained snow melt events, monthly time increment simulations provide useful information about flood risks. If monthly time step flood risks can be shown to be comparable for alternate flood rule curves, there is good reason to believe that daily time step flood risks will show a broadly Schematic illustration of the influence of warming on reservoir refill due to streamflow timing shifts for a hypothetical reservoir on the west slope of the Cascade Mountains: ͑a͒ hydrograph for 20th century climate and a warming scenario; ͑b͒ simulated reservoir refill similar correspondence. We acknowledge the inherent limitations of this approach, however, and in a second planned phase of this work the methods developed here will be further tested and refined at daily time scales.
Method
The approach for generating alternate flood rule curves uses an integrated optimization-simulation scheme. An existing reservoir optimization model ͑discussed below͒ for the Columbia Basin is adapted by simplifying the objective function, which is then calibrated to reproduce the existing balance between system-wide flood control and reservoir refill for the historic monthly streamflow time series. This calibrated optimization model is then used to "rebalance" the two competing system objectives for a simulated climate change streamflow scenario, creating a new set of flood evacuation and refill schedules appropriate to the altered flow regime. A monthly time step reservoir simulation model ͑dis-cussed below͒ is then used to evaluate the performance of these new flood rule curves.
Reservoir Optimization Model
The U.S. Army Corps of Engineers Hydrologic Engineering Center's Prescriptive Model ͑HEC-PRM͒ is an optimization model that uses network flow programming to solve the optimal allocation of the available water in a system by minimizing total penalties ͓U.S. Army Corps of Engineers ͑COE͒ 1991b͔. It was initially developed to analyze the operation of the Missouri River main-stem reservoirs using a monthly time step which is appropriate for large rivers and relatively large reservoirs ͑Lund and Ferreira 1996͒ and then was set up and used for analysis of the Columbia River system ͓U.S. Army Corps of Engineers ͑COE͒ 1991b, 1995͔, Alamo Lake, Arizona ͓U.S. Army Corps of Engineers ͑COE͒ 1999͔, and the Panama Canal System ͑Watkins and Moser 2006͒. For the Columbia River system, 22 nodes and 21 channels are included in the network flow algorithm to represent the major projects on the Columbia, Snake, Clearwater, Kootenai, and Pend Oreille Rivers ͑see Fig. 2͒ . Penalty functions are used to represent goals of, and constraints on, system operation. For the Columbia River system, two types of penalty functions, cost-based, and noncost-based, were developed by staff at the U.S. Army Corps of Engineers Institute for Water Resources to evaluate both the economic and noneconomic effects including environmental concerns and risk management objectives ͓U.S. Army Corps of Engineers ͑COE͒ 1991b͔.
The dams in the Columbia River Basin are operated on an annual basis ͑as opposed to a multiyear basis͒, and the current flood control curves for the Columbia River Basin are established with a targeted system-wide reservoir refill date of the end of July. In this study, each run of the optimization model starts on August 31 and ends on October 31 of the following year. Full storage for each dam, shown in Table 1 , is used as the initial storage value for each run; there is no target level at the end of the optimization period.
Simplified Form of Penalty Functions
In its original formulation, flow and storage penalty functions for the Columbia River Basin were used to represent operation goals for flood control, hydropower, water supply, navigation, fisheries, and irrigation ͓U.S. Army Corps of Engineers ͑COE͒ 1995, 2002͔. Of those, only flood control and refill penalty functions ͑in a simplified form͒ are used here to solve the water allocation problem in terms of a balance between flood control and reservoir refill. The magnitude of these penalties is relatively unimportant since it is only the relative weight of the flood and refill penalties that influences the results in this case. Penalty functions for storage projects of different sizes, however, are constructed in a consistent manner, and the flood penalties at each location in the system are also related to each other in a consistent way ͑based on estimated flood damages as a function of flow rate͒.
Penalties for failing to refill are represented in the objective function by an "end of July storage penalty." Penalties for attaining only the minimum storage by the end of July are initially set up as $10,000,000 for all dams in the Columbia River Basin. The penalty at minimum storage is reduced linearly to 0 at the full storage level ͓U.S. Army Corps of Engineers ͑COE͒ 1995͔ to provide a base penalty function for all reservoirs. Penalty functions for each dam are then computed using a weighting factor which scales the base penalty function. This factor is the ratio of Table 2͒ . Thus smaller storage projects yield proportionally smaller storage penalties if they fail to refill. In addition to the July 31 storage penalty, a uniform storage penalty function for all other months ͑Table 3͒ is also imposed to prevent the storage from being fully drafted for flood control when the storage space is not needed to prevent flooding. This is done to prevent undesirable impacts to storage in the optimization runs in other months that ultimately influence hydropower and other system objectives in the simulation results. If flooding impacts are not caused by leaving the storage high, the objective function should "prefer" this condition since it is beneficial to other system objectives.
Initial flood related penalties are based on estimated monetary damages associated with different levels of flow at three key control points in the system ͓U.S. Army Corps of Engineers ͑COE͒ 1991b͔. The piecewise linear penalty functions are identical for all months ͑Fig. 3͒. The penalty function also incorporates a set of smaller flow penalty values which force the optimization to evacuate storage gradually through the winter months in a realistic manner ͓U.S. Army Corps of Engineers ͑COE͒ 1991b͔. Thus, the objective function will prefer a number of smaller monthly reservoir releases throughout the storage evacuation period instead of one large one just before peak flow occurs. ͑This approach is needed because the optimization model has perfect foreknowledge of the timing of flooding that is not available in actual operations.͒ These initial storage and flood penalty functions are then calibrated ͑see below͒ until simulated results using optimized flood control curves show flood risks and average storage deficits ͑de-fined as full pool storage minus simulated storage͒ comparable to or lower than those using current flood control curves for the 20th century monthly streamflow time series.
Reservoir Simulation Model
The Columbia simulation ͑ColSim͒ model, described fully by Hamlet and Lettenmaier ͑1999͒, simulates the operations of the largest storage and run-of-the-river dams in the Columbia River Basin. ColSim uses perfect forecasts of reservoir inflow to specify flood evacuation schedules from a "family" of flood rule curves that are conditioned upon ͑both in actual operations and in the model͒ the forecast streamflow volumes at various locations within the system. While realistic streamflow forecasting errors are not simulated by this modeling approach, the advantage to this framework in the context of climate change assessments is that it allows the model to compensate automatically for systematic shifts in seasonal streamflow volumes. ColSim is also designed to allow the user to specify an alternate family of flood rule curves. Payne et al. ͑2004͒, for example, used these features of the model to adjust flood rule curves. ColSim is used here in a similar manner to examine the performance of the optimized flood rule curves for the climate change scenario.
Hydrologic Simulation Model
To produce a physically realistic streamflow scenario associated with warmer temperatures, we use the variable infiltration capacity hydrologic simulation model ͑Liang et al. 1994͒ implemented at 1/8th degree latitude/longitude resolution ͑ϳ130 km 2 per grid cell͒ over the Columbia River Basin. The construction of the historic meteorological driving data for the model from 1915-2003 is described by Hamlet and Lettenmaier ͑2005͒. The resulting model simulations of channel inflow in each grid cell are then postprocessed using a routing model to produce streamflow at various sites needed to drive the optimization and simulation models. Additional details on the methods used for constructing streamflow scenarios using the hydrologic model and bias correction techniques are described by Snover et al. ͑2003͒.
Climate Change Scenario
To test the effectiveness of the approach for developing new flood rule curves that are appropriate for altered streamflow timing, a simple climate change scenario was developed. First, the historic monthly temperature trends were removed from the daily time step forcing data ͑i.e., earlier parts of the historic record were made warmer if positive trends were present͒ as described by Hamlet et al. ͑2007͒ . Then, to account for future warming, the temperature in each calendar month in the simulation was uniformly increased across the entire domain by the amounts shown in Table 4 . The seasonality of these changes comes from average changes in each month from four global climate model ͑GCM͒ simulations produced by the IPCC Third Assessment ͓Intergov-ernmental Panel on Climate Change ͑IPCC͒ 2001͔ GCM experiments ͑see Snover et al. 2003͒ . The annual average increase was set to 2°C, an increase in temperature that is expected in the Pacific Northwest in the second half of the 21st century ͑ϳ2060͒ according to current IPCC GCM simulations.
Climate change scenarios for the Pacific Northwest show little systematic change in annual precipitation ͓Intergovernmental Panel on Climate Change ͑IPCC͒ 2007͔. To avoid confusion in interpreting the results, precipitation changes are not included in the scenario. Consequently, the precipitation in each year is identical to the unperturbed historical meteorological forcing data. The hydrologic model is then run using the perturbed forcing data, and simulated streamflow at locations needed to run the optimization and simulation models is routed and bias corrected as described by Snover et al. ͑2003͒. These altered streamflow time series are then used to drive the reservoir optimization and simulation models. Fig. 4 shows average reservoir inflows to Dworshak and Libby Dams corresponding to the historical record and the climate change scenario. Peak flows under the climate change scenario are reduced and occur earlier in the spring in comparison to the 20th century climate in both cases. The change in seasonal flow volume, however, is much larger in the case of Dworshak Dam, because the basin is warmer in winter, and therefore more sensitive to loss of snowpack due to warming.
Calibration of Optimization Model
The procedure for determining or calibrating penalty functions for the optimization model is outlined in Fig. 5 . First, an initial objective function is created ͑as discussed above͒. Using the simulated 20th century streamflows, the optimization model is then used to create 86 realizations of reservoir flood control evacuation and refill, one for each water year. The results from this set of individual years are then analyzed to create a new family of flood control rule curves for each reservoir conditioned on seasonal streamflow volume ranges. Finally the new flood control rule curves are tested over the historic flow record using the reservoir simulation model, and the simulated flood control and refill statistics are compared to those produced by comparable simulations using the existing flood control rule curves. The objective function parameters are then adjusted manually until simulated storage deficits and flood risks are less than or equal to those achieved for the current flood control rule curves. This procedure is analogous to the ISO procedure which is illustrated in Labadie ͑2004͒, but the general ISO procedures are refined here as follows: 1. The objective function is simplified by reducing the number of penalty functions ͑only flood control and reservoir refill penalties͒. 2. The penalty functions are calibrated using results from a simulation model. 3. The optimized flood control curves are constructed using methods which mimic the current operating rule format.
Construction of Optimized Flood Rule Curves
Each storage reservoir in the Columbia River Basin is operated using flood control rule curves that are keyed to forecasted seasonal flow volumes ͓U.S. Army Corps of Engineers ͑COE͒ 1991a͔. The rule curve for a particular year is interpolated from a family of rule curves ͑each associated with a particular inflow forecast͒. In initial attempts to construct new flood rule curves based on the optimization model runs, the existing flow ranges defining the current families of rule curves were frequently inappropriate for the new conditions, but redefining these ranges introduced unwanted subjectivity, and sometimes produced inappropriate results due to the relatively small sample sizes available within a given flow range. To avoid this problem, the new optimized flood control curves are inferred from optimization results as follows: 1. The maximum required flood space is determined from each annual ͑August 31-October 31 the following year͒ optimization run. The 86 values ͑1916-2002͒ are then expressed as a non linear function of seasonal flow volume for that year. 2. The overall seasonal shape of flood evacuation was chosen to be the 50th percentile of the 86 optimization ensemble members. The evacuation target in each month is expressed as a fraction of the maximum flood evacuation, and is used to produce the flood space required for each month of the drawdown season as a function of the maximum evacuation requirement ͑determined in Step 1͒. 3. Finally, refill timing for each project was determined from the 50th percentile of the optimization ensemble, and the nearest end of month date for the initiation of refill was used in the simulations, i.e., the month which shows maximum flood evacuation was used to initiate refill in the simulations. The fitted curve in Fig. 6͑a͒ shows the maximum flood evacuation for Hungry Horse Dam as a function of Hungry Horse April-July inflow volume. For example, for an inflow volume of 2.60ϫ 10 9 m 3 , the required flood space is 1.86ϫ 10 9 m 3 . Each optimized storage trace and the 50th percentile value of ensembles are shown in Fig. 6͑b͒ , when Hungry Horse April-July inflow volume is larger than 2.50ϫ 10 9 m 3 . For this case the 50th percentile value shows that the maximum flood evacuation is required at the end of March and the required flood space for November, December, January, and February is 0.2, 0.4, 0.6, and 0.8 of the end of March flood evacuation, respectively. The required flood evacuation for November is 0.2ϫ ͑1.86ϫ 10 9 ͒ = 3.72 ϫ 10 8 m 3 . The corresponding values for December, January, February, and March are, 7.44ϫ 10 8 , 1.12ϫ 10 9 , 1.49ϫ 10 9 and 1.86ϫ 10 9 m 3 , respectively. The March 31 storage of 2.64 ϫ 10 9 m 3 equals 4.50ϫ 10 9 m 3 ͑full reservoir͒ minus 1.86 ϫ 10 9 m 3 ͑flood storage space͒. In monthly system simulations, refill is commenced in April following maximum flood evacuation in March. 
Development of New Flood Rule Curves for the Climate Change Scenario
Using the calibrated objective function determined for the historical flow record, the optimization model was then run for the climate change streamflow scenario. A new family of flood rule curves was constructed for each project from the optimization run using the methods discussed above, and was tested within the multiobjective management framework using the ColSim model, driven in this case by the climate change streamflow scenario.
Results

Calibration Results
Simulated results using the 20th century climate for storage deficit, flood protection, outflow, and hydropower production are shown in this section to demonstrate the effectiveness of the calibration. Fig. 7 shows the average July 31 storage deficit of the major dams in the Columbia River Basin for the 20th century climate using current flood control curves and optimized flood control curves. Compared to the current flood control curves, HEC-PRM derived flood control curves show considerably reduced storage deficits for Mica, Arrow, Grand Coulee, and Hungry Horse Dams, while maintaining similar storage deficits for the other dams.
Simulated flood frequency curves at Bonners Ferry, Columbia Falls, and The Dalles are shown in Fig. 8 . Bonners Ferry, located below Libby Dam, and Columbia Falls, located below Hungry Horse Dam, are local flood control points; The Dalles is the system-wide flood control point in the Columbia River Basin. All three show improved levels of monthly flood protection for HEC-PRM derived optimal flood control curves when compared to the results from using the current flood control curves. Fig. 9 shows simulated outflow for the 20th century climate for McNary, Grand Coulee, Libby, and Hungry Horse Dams which are important reservoirs for providing flow augmentation for fish. Outflows from McNary and Grand Coulee Dams are increased using the optimized flood control curves relative to outflows using the current flood control curves for July and August when outflow is important for fish flow augmentation. For Libby and Hungry Horse Dams, operation using optimized flood control curves produces similar releases during July and August in comparison to using the current flood control curves. Fig. 10 illustrates average year total system hydropower production from Grand Coulee Dam and run of river projects downstream to Priest Rapids Dam ͑the Grand Coulee Group͒, from Mica Dam and Revelstoke Dam ͑the Mica Group͒, and from Dworshak Dam and run of river projects downstream to Ice Harbor Dam ͑the Dworshak Group͒ using current flood control curves and HEC-PRM derived flood control curves for the 20th century climate. Use of the optimized flood control curves yields similar hydropower production compared to using the current flood rule curves. Although hydropower production and fish flow penalty functions are not used in the optimization scheme, similar or better hydropower production and fish flow augmentation are obtained using the optimized flood control rule curves. In summary, for the 20th century climate, optimized flood control curves show similar or better results for storage deficit, flood protection, July through August outflow volume, and hydropower production compared to those for current flood control curves. This indicates the weights used the optimization model are well calibrated. This calibrated weighted objective function is then used in HEC-PRM to develop new flood control curves for the climate change scenario. Figs. 11 and 12 show optimized storage traces for Dworshak and Libby Dams from the HEC-PRM model for ͑1͒ the 20th century flows and ͑2͒ the climate change scenario. Storage deficits are strongly related to flood control evacuation and refill schedules in moderate to high flow years but not in low flow years, for which hydropower requirements are the predominant driver of reservoir releases ͑and resulting storage levels͒ in the Columbia system. For this reason, only water years for which Dworshak April-July flow volume is larger than 3.20ϫ 10 9 m 3 and Libby AprilAugust flow volume is larger than 6.80ϫ 10 9 m 3 are shown for comparison. The gray lines show each optimized storage trace and black bold lines show the 50th percentile of the optimized storage ensemble used to determine the shape of the evacuation schedule, and the monthly refill timing. For Dworshak Dam, more flood space is required during November to January and refill begins one month earlier for the climate change scenario compared to the 20th century climate, while for Libby Dam, there is no significant difference in refill timing ͑at a monthly time scale͒ but less flood space is required when the climate change scenario is considered. The optimization results show that the flood control rule curves are optimized for each dam according to different changes in flow volume and timing shift associated with warming in each sub-basin.
Simulation Results: Refill and Flood Control
The simulated average July 31 storage deficits at major reservoirs in the Columbia River Basin are shown in Fig. 13 . When the current flood control curves are used for both 20th century climate and the climate change scenario, storage deficits increase for the climate change scenario in comparison to the 20th century climate for each dam in the Columbia River Basin. When flood control curves are changed from "current flood control curves" to "optimized flood control curves for the climate change scenario," the storage deficits of all dams in the Columbia River Basin decrease. The July 31 storage deficits at Arrow, Grand Coulee, and Mica Dams are noticeably reduced.
Because of streamflow timing shifts, the target date for refill may also need to change. pared to current flood control curves for the same flow but higher values than the 20th century climate using current flood control curves. Storage deficits in May and June for the optimized flood control curves for the climate change scenario show the lowest value of the three cases. Thus the earlier refill associated with use of optimized flood control curves can significantly decrease storage deficits in May and June, but cannot necessarily maintain full storage in July ͑Fig. 15͒. These results demonstrate that the refill target dates should probably be moved earlier in the year for Dworshak as climatic warming progresses. Fig. 16 shows monthly flow volume flood frequency curves for Bonners Ferry, Columbia Falls, and The Dalles for simulated 20th century climate using current flood control curves, and for the climate change scenario, using current flood control curves and HEC-PRM derived flood control curves. For all three flood control points in the Columbia River Basin, using optimized flood control curves for the climate change scenario shows the lowest flood risks. For Columbia Falls, when the flow is changed from the 20th century climate to the climate change scenario but the same flood control curves are used, the flood risk decreases slightly. When optimized flood control curves are used for the climate change scenario, the flood risk is reduced significantly. This somewhat counter intuitive result occurs because the optimization procedure reshapes the spatial and temporal distribution of flood control storage, simultaneously decreasing flood risk and decreasing storage deficits. Similar benefits of optimization are seen for the current climate results, for which flood risks are reduced for optimized flood rule curves, without increasing storage deficits.
Conclusions
Our findings corroborate earlier studies that demonstrated that warming temperatures and resultant streamflow timing shifts in the Columbia River Basin will disrupt the balance between current reservoir operations for flood control and the reliability of Dam when Dworshak April-July inflow volume Ͼ3.20ϫ 10 9 m 3 for simulated 20th century climate using current flood control curves ͑brick͒ and the climate change scenario climate using current flood control curves ͑solid͒ and HEC-PRM derived flood control curves ͑striped͒. reservoir refill. The optimization procedures developed provide a straight-forward and objective procedure for rebalancing flood control and refill objectives in a complex, multireservoir, multiobjective water resources system. For a simple climate change streamflow scenario based on a projected basin-wide annual average 2°C warming in the Columbia River Basin, the results show that storage deficits are exacerbated when using the current flood control rule curves because of altered streamflow timing. By comparison, optimized flood rule curves with systematically earlier ͑and in some cases reduced͒ flood evacuation in spring, coupled with adjusted refill timing up to 1 month earlier in the spring at some projects, decrease both monthly storage deficits ͑especially in moderate and high flow years͒ and flood risks.
The changes in flood control rule curves are different for different projects ͑each experiencing different changes in flow volume and timing shift associated with warming͒. There is a robust decrease in simulated system storage deficits for the climate change streamflow scenario when optimized flood rule curves replace the current flood control rule curves. Storage deficits cannot necessarily be restored to historic levels, however, because the timing of refill cannot be controlled.
For a warmer climate in the Columbia River Basin, the existing reservoir infrastructure can be successfully operated to provide both effective flood control and acceptable reservoir refill statistics if changes are made in the way flood rule curves are generated. The simulation results using the optimized flood rule curves demonstrate that additional trade offs between reservoir refill and flood control may be possible if flood risks like those experienced in the 20th century are acceptable, because the optimized flood rule curves show reduced flood risk.
A limitation of our work is the monthly time step used in the simulation and optimization models. In future work our methods will be further tested and refined at daily time scales. This work will, in particular, facilitate refinement of the reservoir evacuation and refill schedules with higher temporal resolution using a daily calendar, and will incorporate testing for flood impacts at daily time scales. . Simulated monthly average flood frequency curves for ͑a͒ Bonners Ferry; ͑b͒ Columbia Falls; and ͑c͒ the Dalles for simulated 20th century climate using current flood control curves ͑ࡗ͒, for the climate change scenario climate using current flood control curves ͑ᮀ͒ and HEC-PRM derived flood control curves ͑x͒.
